The steady-state shear viscosity of low-concentrated Poly(2-ethyl-2-oxazoline) (PEOX) aqueous solutions is measured near the presumed theta temperature using the falling ball viscometry technique. The experimental data are analyzed within the model that joins the Rouse and Zimm bead-spring theories of the polymer dynamics at the theta condition, which means that the polymer coils are considered to be partially permeable to the solvent. The polymer characteristics thus depend on the draining parameter h that is related to the strength of the hydrodynamic interaction between the polymer segments. The Huggins coefficient was found to be 0.418 at the temperature 20 ∘ C, as predicted by the theory. This value corresponds to h = 2.92, contrary to the usual assumption of the infinite h. This result indicates that the theta temperature for the PEOX water solutions is 20 ∘ C rather than 25 ∘ C in the previous studies. The experimental intrinsic viscosity is well described coming from the Arrhenius equation for the shear viscosity.
Introduction
For the study of the behavior and conformations of polymer chains in solution, various viscosimetry techniques are widely used. By measuring the viscosity of the solutions, they in principle allow determining important polymer parameters, such as its relaxation times or the gyration and hydrodynamic radii [1, 2] . However, the interpretation of such experiments encounters serious difficulties. This is due to problems with the treatment of the experimental data [3, 4] but also because of fundamental problems with the theory of viscosity of polymer solutions [5, 6] . A particular problem concerns the so called theta temperature. In a dilute polymer solution at the Flory theta temperature the repulsive effects of the volume interactions are cancelled by the attractive forces between the polymer segments, and the polymer coils behave like ideal chains forming random coils. The polymer parameters are then easily calculated and compared to experimentally measured quantities. Due to this much work being devoted to the determination of , for the methods in this way see, for example, [1, 2, 7] . However, different methods could lead to different [7] . Moreover, often reliable values of are not known, since they are outside the range of the temperatures at which the experiments on polymer solutions are conducted or even the temperatures when the polymer chains exist [8] [9] [10] [11] . In such cases the interpretation of the experiments and the determination of the polymer parameters become difficult and ambiguous. To make a comparison between the theory and experiment, should be well defined.
In the present work we investigate Poly(2-ethyl-2-oxazoline) (also known as PEOX), the polymer, for which water is assumed to be nearly a theta solvent at room temperature (≈25 ∘ C) [12] . The intrinsic viscosity scales with the molecular mass approximately as ∼ 0.56 , with the exponent close to 0.6, as predicted for theta conditions by the Mark-Houwink equation for very high polymers adopt ideally a Gaussian form conformation [13] (see also the results presented in [14] and references there).
The chemical and physical properties of PEOX were described long ago [12] . It is a nonionic tertiary amide 2 International Journal of Polymer Science synthetic water-and organic-soluble polymer, which belongs to the group of Poly(oxazolines). PEOX is biocompatible and heat stable and blends well with other polymers [14] . Due to these properties it finds many applications [15] , including the use in thermosensitive materials, as sensors, in drug delivery systems [16] [17] [18] [19] [20] and others. Viscosity measurements indicate that the PEOX chains at room temperature behave almost ideally [12] . PEOX also exhibits lower critical solution temperature behavior in water [21, 22] . This behavior was determined by the decrease in second virial coefficient with increasing temperature and is attributed to hydrogen bonding between the PEOX molecules and the water molecules. The excess enthalpy and excess entropy of mixing in water are both negative and have magnitudes which increase with molecular weight [21] . These properties have been attributed to partial organization of the PEOX-water system through specific hydrogen bonding interactions between the carbonyl oxygen on the PEOX side chain and water molecules in solution. In [14] , one can find the information concerning the interactions between the PEOX chains and solvents, which affect the polymer conformational behavior. The fact that PEOX in water forms a typical random coil conformation, which is energetically favorable, was proven by extensive investigations of its behavior in solution, including also the static light scattering and molecular modeling techniques.
Despite a number of papers devoted to the physicochemical studies of PEOX, to our knowledge, the detailed comparison between the experiments and existing theories of the dynamics of dilute polymer solutions is absent.
It is the aim of the present work to make a careful interpretation of the viscometric experiments on the PEOX solutions and to determine the main phenomenological parameters of the polymer. We come from the Zimm beadspring model [23] , which was generalized by us to include the hydrodynamic interactions (HI) between the beads without the assumption of the impermeability of the polymer coil with respect to the solvent. Contrary to the usual approach [2] to the interpretation of experimental data, we do not consider the polymer dynamics in its nondraining limit, which is the opposite case to the free-draining or fully permeable Rouse model [24] . Only for infinitely strong HI the coil behaves as an impenetrable body. In general, the theory should contain the Rouse and Zimm models as limiting cases of small (Rouse) and large (Zimm) HI [25, 26] . The strength of the HI is related to the draining parameter ℎ, which appeared already in the famous work by Kirkwood and Riseman [27] . Our approach thus goes back to this classical work but corrects its result for the intrinsic viscosity. To describe the experiments, usually the draining effects are ignored. It will be demonstrated that the "nonuniversal" theory presented in Section 3 much better describes the obtained experimental data.
Experimental
The Poly(2-ethyl-2-oxazoline) (PEOX) in our experiments was a commercial product of Sigma-Aldrich Co. (Germany) without other modifications. The weight-average molecular weight was 500,000. The polymer was dissolved in deionized water. The apparatus used was an automated microviscometer (AMVn), combined with a density meter (DMA 4500 M), both from Anton Paar, Austria. The measurement principle of AMVn is the falling ball system consisting of the detection of a ball's drop time in a diagonally mounted glass capillary filled with sample. The shear rate is influenced by changing the inclination angle of the capillary. The measurement system configuration with the capillary and ball diameters 1.6 mm and 1.5 mm, respectively, was used. It is suitable for the measuring range from 0.3 to about 10 mPa⋅s with reproducibility better than 0.5%. The temperature is measured with an uncertainty 0.05 ∘ C. The experimental data were treated with the software OriginPro (OriginLab, USA).
Since we were interested in the behavior of the PEOX solution near the theta temperature, the measurements were carried out at 20, 25, and 30 ∘ C. The polymer concentration changed from 0.5 to 4 mg/mL, that is, well below the concentration 1/[ ] (for the intrinsic viscosity [ ] determined in the works [12, 14] and also in our experiments). The sample thus can be considered as a dilute solution and up to about 2 mg/mL (which was estimated in [14] as the critical concentration * * [28] [29] [30] corresponding with the first permanent contacts between macromolecules in solution) even as an extremely dilute one. In the treatment of the experimental data the effect of overlapping of different coils thus plays a minor role.
The experimental results are shown in Figures (<7 × 10 −4 mL 2 /mg 2 ). The fits match the curves obtained by simple linking of the experimental points.
At low concentrations the Huggins equation is used to describe the dependence on the polymer concentration [1, 2] :
Here, red and sp are the reduced and specific viscosity, respectively, [ ] is the intrinsic viscosity, and is the Huggins coefficient. Alternatively, the Kraemer expression for the viscosity is used,
where is Kraemer's constant. At low approximately the equation ≈ 1/2− should be obeyed. Figure 2 shows the dependences of the viscosity functions sp / and −1 ln rel on the concentration for three experimental temperatures.
The experimental dependences on are well fitted by linear polynomials + , with the errors in the determination of the intercept being less than 3. 
Theory
In the interpretation of the viscometry experiments on dilute polymer solutions usually the "universal" Flory theory of steady-state processes [1] , which is consistent with the theory of Zimm [23] and that of Kirkwood and Riseman [27] in its nondraining limit, has been widely used for a long time. However, various experiments indicate a nonuniversality of these theories, possibly caused by draining effects usually ignored by experimentalists. The first clear observation of the draining effect for long polymer chains, using static and dynamic light scattering experiments and viscometry, was reported in [31] . For more experiments revealing nonuniversality effects in the polymer dynamics, see [32, 33] . In the calculation of the viscosity of polymer liquids these effects can be accounted for based on the Brinkman-DebyeBueche theory [26, 34, 35] of the long-time relaxation of the internal modes of flexible polymers. In this theory the polymer solution is described as a porous medium permeable to the solvent flow. This flow is governed by the linearized Navier-Stokes equation with an additional term − 2 0 ⃗ (the average value of the force acting on the liquid in an element of volume d , provided that the average number of polymers in solution per d is ), where 1/ 2 , 0 , and ⃗ are the solvent permeability, viscosity, and velocity, respectively. It holds that 2 0 = ( ) , where is the friction factor on one polymer chain that can be determined from the Einstein relation for the diffusion coefficient of the polymer coil, = / . The polymer is assumed to consist of ≫ 1 beads connected by elastic forces that are given by the Gaussian equilibrium distribution of the beads [2] . The motion of the solvent created by the motion of beads is much faster than the motion of the coils, which determines the changes of ( ). Thus, these changes around the equilibrium value , which are due to the motion of the coils, are neglected. We do not a priori assume the validity of a concrete, Rouse or Zimm, model of the polymer dynamics. Only the strength of the hydrodynamic interactions (HI) determines which type of the polymer behavior is dominant. With the increase of the Zimm contribution to the observable quantities (such as the coil diffusion coefficient or the viscosity of the solution) decreases and the polymer tends to behave (as distinct from the previous theories [2] ) in correspondence with the Rouse model. For infinitely diluted solutions at theta conditions such theory was developed in [26, 36, 37] . Now the diffusion and the relaxation of the polymer internal modes depend on .
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The diffusion coefficient is a sum of the Zimm and Rouse contributions (independent on ), and ( ) = ( ) + , where and (0) are the well-known Rouse and Zimm limits for the diffusion coefficients [2] . For what follows we need the relaxation times of the internal modes. In the stationary case they relax exponentially, with the rates
where and (0) ≡ are given by [2] = 2
Here, is the radius of the bead and is the mean square distance between the beads along the chain and, at → 0,
In the opposite case, when → ∞,
The quantity ℎ( ) = / = ℎ −1/2 , with the draining parameter ℎ = 2(3 / ) 1/2 / , indicates the strength of the HI, that is, whether the dynamics are close to the pure Zimm (ℎ ≫ 1) or Rouse (ℎ ≪ 1) type. Using the relaxation times , the steady state viscosity of the solution can be calculated from the formula [5, 38] 
In the Rouse limit we obtain the known result [2] ( ) = 0 + 2 2 0 /6. In the Zimm case at low concentrations [26] 
where the first term corresponds to the known formula [2] . A general formula for the viscosity for arbitrary ℎ was derived in [26] . For very low concentrations of the chains it gives for the intrinsic viscosity
and for the Huggins coefficient in (1)
From (9) at large ℎ (the Zimm case) one finds
where is the Riemann zeta function [39] . In this case 
where is Avogadro's number, is the polymer molar mass, and Φ 0 = 2.56 × 10 23 is the Flory-Fox factor. This value results from several approximations [2] . More exact numerical calculations give slightly different values Φ 0 = 2.66 × 10 23 [6] . For arbitrary strength of HI, [ ] should be a function of ℎ. The dependence of [ ] on ℎ for theta solvents can be written as in (12) , but, using (9), with Φ 0 replaced by the function
This result is similar to that of Kirkwood and Riseman [27] but with a difference due to a different ℎ (their value of ℎ is √2 times smaller). Thus, having measured the viscosity of a polymer solution, the above formulas (9)- (12) can be used to determine the intrinsic viscosity and then the polymer size. In theta solutions the polymer relaxation times, as well as the combination 1/2 or the gyration radius = ( /6) 1/2 , can be found assuming the Flory-Fox factor is known. Alternatively, if is known, the function Φ(ℎ) can be determined from [ ], and from (13) the draining parameter ℎ can be extracted.
Comparison of the Theory and Experiment
In our experiments, [ ] near the assumed theta point at 25
∘ C changes around 0.1 mL/mg; see Table 1 . This is in good agreement with the result obtained in [12] = 500,000. In [14] , the coefficient 0.57 was found instead of 0.65. However, there is no evidence that at = 25 ∘ C the solvent is exactly at the condition. Since at the exponent in the Mark-Houwink equation should be 0.6 giving a larger [ ], based on the data of Table 1 , we rather expect that the theta temperature should be lower than 25 ∘ C. This is supported also by our theory. Let us compare the theoretical value for the Huggins coefficient with the one determined from the experimental data. In the region of the expected theta temperature, changes from 0.418 to 0.489. According to the theory, its value 0.3275 in the nondraining (Zimm) limit is notably lower. This indicates that the studied polymer coils are not perfectly impermeable to the solvent and behave partially as Rouse polymers. The Huggins coefficient as a function of the draining parameter ℎ is given by (10) . Using Mathematica [41] , we found that between the limiting Rouse ( = 0) and Zimm value (ℎ) represents a peak with the maximum = 0.417 at ℎ ≈ 2.92; see Figure 3 . This maximal is very close to the experimentally determined value 0.418 at = 20 ∘ C. It thus suggests that the real theta temperature of the aqueous PEOX solution is 20 ∘ C rather than 25 ∘ C. Using the found ℎ, we calculate the Flory-Fox function (13) Φ(2.92) = 0.58454Φ 0 . Equation (12) 
The equation gives = 20.8 nm, close to the Zimm value 19.4 nm at ℎ → ∞. Both these values lie in the interval of from 18.0 nm to 24.7 nm, obtained from the dependence of the hydrodynamic radius on molecular weight, as it was empirically determined for PEOX polymers in [43] , with the use of a combination of analytical ultracentrifugation and laser light scattering (note that the scaling law found in [43] again indicates that PEOX polymers adopt a random coil conformation in aqueous solution at room temperatures). Within the joint Rouse-Zimm theory for a finite ℎ it holds 1/2 / = 8/3 + 2 1/2 /ℎ, so that one obtains a lower value = 16.4 nm. Finally, let us assume that the shear viscosity of the studied solution is a thermally activated process. Using the Arrhenius equation to describe the temperature dependence of the viscosity (see [44] and references therein), we have = exp( / ). Here, is the absolute temperature, = results for the intrinsic viscosity presented in Table 1 are excellently described by this equation with the constants = 162.7 K mL/mg and = −0.443 mL/mg.
Conclusion
In conclusion, we have studied, both experimentally and theoretically, the high molecular weight Poly(2-ethyl-2-oxazoline) aqueous solutions. The viscometric measurements allowed us to determine the intrinsic viscosity and other important parameters of the solutions around the temperature 25 ∘ C, at which, according to the literature, the solutions are at theta condition. The experimental results were interpreted within a model that joins the Rouse and Zimm models of the polymer dynamics and thus goes back to the classical Kirkwood and Riseman theory [27] . Contrary to the Flory theory of steady-state transport processes in dilute polymer solutions [1] , the ratio of the intrinsic viscosity [ ] to 3 , where is the gyration radius, is not a universal constant for long polymer chains. The polymer characteristics, such as the diffusion coefficient of the coils or their relaxation times of internal modes, depend on the draining parameter connected with the permeability of the coils with respect to the solvent and the strength of the hydrodynamic interactions between the polymer segments. The influence of draining to the viscosity and dimensions of the chain macromolecules in different solvents has been considered in a number of works [45] [46] [47] [48] . For the study of polymers in good solvents see the recent work [49] where it was shown that the draining effects are responsible for the decrease of the viscometric unperturbed dimensions parameter of a polymer in the blob theta conditions, if compared with such a parameter for a whole polymer in the theta solvent. The question how much the polymer chain is sensitive to the draining is still puzzling [49, 50] . Although several experiments indicated nonuniversality in the polymer behavior, the draining effects are usually ignored by the experimentalists and the polymers are considered in the nondraining limit, which in the presented model corresponds to the infinitely large draining parameter ℎ. We have calculated the polymer parameters as functions of ℎ and the solution concentration . The obtained spectrum of the polymer internal modes allowed us to calculate the solution viscosity and, using it, the intrinsic viscosity. The calculated Huggins coefficient was compared to its experimentally determined value. We have found that for ℎ corresponding to the maximum of the peak in the theoretically predicted function (ℎ) the experimental value of exactly agrees with the experiment. This happens at the temperature = 20 ∘ C. Since the theory is built for the theta condition, we propose that the theta temperature for PEOX is 20
∘ C rather than 25 ∘ C known from the previous studies. In our opinion, further investigations are needed to solve this controversy. This can be done, for example, by studying the dependence of the intrinsic viscosity on the polymer mass at different temperatures. We have also estimated the gyration and hydrodynamic radii of the polymer coils. Finally, we have shown that our experimental results very well correspond to the assumption that the shear viscosity of the solutions is a thermally activated process described by the Arrhenius equation.
